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ABSTRACT
Results of recent experiment reinstate feasibility to the hypothesis that biomolecular ho-
mochirality originates from beta decay. Coupled with hints that this process occurred ex-
traterrestrially suggests aluminum-26 as the most likely source. If true, then its appropri-
ateness is highly dependent on the half-life and energy of this decay. Demanding that this
mechanism hold places new constraints on the anthropically allowed range for multiple pa-
rameters, including the electron mass, difference between up and down quark masses, the
fine structure constant, and the electroweak scale. These new constraints on particle masses
are tighter than those previously found. However, one edge of the allowed region is nearly
degenerate with an existing bound, which, using what is termed here as ‘the principle of
noncoincident peril’, is argued to be a strong indicator that the fine structure constant must
be an environmental parameter in the multiverse.
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1 Introduction
Does our universe possess any special properties that make it more conducive to life, on
the molecular level, compared to generic universes? This is not a new question: in fact,
some of the earliest anthropic arguments were in regards to biochemistry. In the book The
Fitness of the Environment written early last century, Henderson [1] detailed the myriad
ways in which both water and carbonic acid (carbon dioxide dissolved in water) seem specially
suited for life to develop. He used these arguments as evidence for preternatural selection of
some microscopic characteristics of our world, which render it unusually well suited for our
existence.
Today many of these arguments have fallen out of favor, for several reasons. The first of
which is that we now know that many of the properties of chemicals are dictated by basic
orbital structure set by the charges of the constituent atoms, and not by any conceivable
fundamental parameters that can be altered. In this way, the interactions between atoms
that form the basis for chemistry are somewhat rigid, and their basic properties cannot be
varied.
While these gross features likely remain unchanged in other possible universes, some of
the finer details can in fact depend on fundamental parameters, such as the proton mass,
neutron mass, electron mass, and the fine structure constant. However, it is usually found
that the dependence of chemical properties on these parameters is relatively weak when
compared to other aspects of the universe. For instance, ab initio calculations of water
molecules find that in order to induce a 10% shift in the dipole nature of water, the electron
mass must be varied by a factor of 20, and the fine structure constant must be varied by
factor of 7 [2]. These are rather extreme deviations for these fundamental constants, and
changes in other aspects of the world such as nuclear and stellar structure are affected far
before these thresholds are reached.
This relative insensitivity is expected to be a generic feature of the chemical world for
one simple reason: the chemical binding energies represent intermolecular forces which are
a few orders of magnitude lower than electronic transitions, and a few orders of magnitude
lower still than nuclear energies. Any change to chemical energies would be proportionately
smaller by these same factors, and the effects therefore weaker. Thus, it would seem that for
the most part, any universe that manages to give rise to the diversity of stable atoms such
as ours would automatically fulfill the conditions for a complex chemistry to operate.
The second reason Henderson’s argument has of fallen out of favor is that we now know
that, unlike the laws of physics, which, to the best of our knowledge, seem to be rigid,
and uniform throughout the entire universe, the laws of chemistry are heavily dependent
on environment. The rate equations are dependent on a number of variables, including
temperature, pressure, and concentrations of constituents present, and so the operationally
dominant chemical reactions are dependent on the environment. Indeed, it has been argued
[3] that this flexibility is essential for the emergence of such complexity to be worthy the
of the term life: this stems from the observation that the likelihood of any given state in
a system as complex as the one we inhabit is unforeseeably sensitive not only to the initial
conditions, but to the laws which subsequently govern their evolution.
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At the time of Henderson’s writing, people were under the impression that both Venus and
Mars were relatively Earthlike in temperature and atmosphere. Subsequent investigations
of planets in our solar system (and now elsewhere) have revealed a diversity far greater than
imagined, with environments giving rise to complex chemical reactions much different from
those found on Earth. Thus, one may suspect that even in a universe whose chemistry
is substantially altered from ours, it would contain at least some environment capable of
yielding comparable complexity to that of the Earth. Our habitual lack of imagination,
along with the continual surprising discoveries of the diversity found within our universe,
should make one wary of dismissing other universes as being sterile.
Thus, our particular biochemistry seems to be just one of a great number of possibilities
that was particularly good at replicating and information storage early in the history of
Earth (or possibly before). Is there any feature it possesses that we may suspect is universal?
Indeed there is: it has been known for about a century and a half that on a biomolecular
level, life is chiral. That is, when given a choice between two different configurations of its
constituent molecules, it chooses to utilize one uniformly over the other.
The origin of this scenario remains a mystery to this day. The idea that this chirality was
inherited by the laws of physics was proposed by Vester and Ulbricht almost immediately
after it was found that the weak nuclear force violates parity at a fundamental level [4].
However, any direct influence on chemistry is extraordinarily weak, making a connection
between the two rather tenuous. In light of this, a scenario has been proposed by Cline
[5] for an indirect connection whereby chemistry would inherit a chiral imprint from the
decay of certain radioactive isotopes, namely aluminum-26. If this scenario is true, then the
radioactive properties of aluminum-26, such as its lifetime and energy, are crucial for the
basic requirements for life. These, in contrast to some of the grosser properties of chemistry,
are readily altered by minute changes in the laws of physics. There are several aspects of
this isotope that make it unusually suited for the task of imprinting handedness in a chirally
pure medium, as we will detail below. Though this scenario remains speculative, it may soon
become testable with current technology. If such a mechanism is found to be the dominant
source of chirality in our universe, then it would give an indication that the laws of physics
have conspired in this way to make biochemistry more feasible.
In section 2 we review the current status of biomolecular homochirality, and give the
context and evidence for which aluminum-26 may play a role. In section 3 we track the
nuclear properties of aluminum-26 in terms of fundamental parameters. In section 4 we
interpret the dependences on these parameters, and compare them to preexisting bounds.
In section 5 we conclude.
2 Life’s Asymmetry
The origin of biomolecular homochirality has been one of the mysteries of life for over a
century, when Louis Pasteur noticed that the polarization of light rotated when passing
through some biological liquids. It was deduced that this arises because many chemical
compounds have two possible configurations, dubbed enantiomers, and life makes use of
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only one of these (for reviews see [6, 7, 8, 9]). In fact, of all the amino acids, all but the
simplest one, glycine, come in two varieties, and, (practically) without fail, life only uses the
left handed version1. Similarly, many sugars, including those used in RNA and DNA, only
contribute in their right handed configuration.
It is important to note that this chirality is necessary for life as we understand it. Firstly,
experiments that have made DNA strands containing chiral defects have shown that they
cannot form their pair bonds properly, which would have prevented its ubiquitous use as in-
formation storage[7]. It is likely that even if a chirally mixed strand could be used adequately
for single celled organisms, the mutation rates would be too high for long lived, multi-celled
organisms to survive[5]. Secondly, it is possible to estimate the length that replicating strands
of proto-RNA can attain in a mixture of a given chirality, as done in [7]. There they report
that the limiting size of these replicators in a racemic (completely mixed) medium is much
too low to contain the information needed for self-replication. All this suggests that the
prebiotic medium itself started in at least a partially chiral state, rather than the alternative
that biological processes drove the system to be chirally pure through some selection process.
Leading Hypotheses: This leaves the question of what processes could have driven the
prebiotic system at least partially towards chirality, and the answers put forward, though
spanning a great number of academic disciplines, fall broadly into three categories[8]: (i) that
some regional process is responsible, (ii) that a spontaneous amplification of a stochastic
initial fluctuation occurred, or (iii) that it is inherited through the parity asymmetry of
fundamental physics. Each of these scenarios has its challenges. For the first, many processes,
including the Earth’s magnetic field, circularly polarized light from the sun, adsorption onto
clays or quartz, and even the Coriolis force have been invoked over the years, but the efficacy
of each has been hard to convincingly demonstrate[9].
The spontaneous symmetry breaking scenario aims to find an environment where the
chemical reactions naturally drive the system to select one parity over the other, even in
the absence of an innate preference (see e.g. [10]). Abstractly (in terms of mathematical
chemistry modeling), the conditions for this to occur can be succinctly expressed as a ten-
dency for the racemic state to be unstable. For any given chemical reaction network, it is
straightforward to determine whether or not this is the case. Most chemical reactions do not
exhibit this behavior, and those that do will only work if some environmental condition spe-
cific to the exact scenario is satisfied, so this mechanism is not guaranteed to occur. Existing
proposals of systems that can accomplish are not without their difficulties: simple autocatal-
ysis is not sufficient, so in [10] superautocatalytic processes were appealed to. Preferential
polymerization seems a likely scenario, but it was shown in [11] that unless polymerization
selected for chiral purity with near perfect fidelity, the mechanism would be inoperational.
The challenge, then, is to find a situation where plausibly small molecules are able to encode
for such stringent construction mechanisms. A recent proposal [12] relies on inherent noise
of small aggregates, but so far has only been demonstrated to be successful with less than
1This handedness arises because all these molecules are based off of carbon, which forms four bonds. The
first participates in linking to others to form a protein chain, and the remaining three may be arranged by
size either clockwise or counterclockwise around this axis.
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103 molecules. Of course, there are significant unknowns accompanying any origin of life
scenario, so one of these purely chemical reactions may indeed turn out to be incorporated
in a natural way, but this scenario is far from empirically established.
The third option relies on the inherent parity breaking of the weak nuclear force. This
can be manifested several ways: the first is directly, through the energy level splitting of
the enantiomers via weak neutral currents. The energy difference here is exceedingly tiny
compared to typical thermal energies, usually around 10−17[13], meaning that for this process
to be operational, a large amount of reactants must participate in the origin scenario, in
order to not be swamped by random noise. Alternatively, the asymmetry may have been
built up indirectly through some beta decay process, which preferentially emits either an
electron or positron of definite handedness. Neither of these methods would result in perfect
symmetry breaking, but they are potentially able to imprint a slight preference in an initially
racemic mixture, that may then be subjected to a secondary stage of amplification in order
to become a fully chiral medium[14]. This initial asymmetry may have been crucial, as
chemical reactions that are able to amplify an initial signal are quite commonplace [15], but
they do require a seed to operate.
The main problem with any scenario, aside from the initial preparation of an environ-
ment that can yield an effect, is that any chirality that is present tends to racemize with a
half life on the order of 104 − 106 years, depending on the chemical species, which is much
shorter than the timescales involved in many of the processes required to build up a sig-
nificant fraction of one parity [7]. This racemization is governed by a quantum tunneling
between two practically degenerate states, and so is given by t ∼ τe
√
2mV0∆x, where τ is
the chemical interaction time, and is exponentially suppressed by the tunneling under the
potential barrier of height V0 and length ∆x. Because the exponent is fixed, this provides a
clue to which type of environment would be able to retain a significant chirality: one that
is cold and extremely sparse. This suggests that chirality would have a much easier time
building up in space than it would on the surface of a planet [8]. There, chirality can be
stabilized over long periods of time, but the problem with this scenario is that many of the
usually suspected processes take much longer in this environment as well, so that chirality
may have a hard time developing in the first place[7].
Chirality in Space: There is in fact evidence that extraterrestrial molecules already con-
tain a preference for a particular chirality. This comes from the Murchison meteorite [16],
which fell in 1969, where it was found that several amino acids carry a definite handedness.
Suspicion that this may be contamination is diminished by the observation that this asym-
metry is even present for amino acids that are not used by life. Still, it is known that the
shock of a meteorite entering the atmosphere can produce amino acids [17, 18], so that even
though no way of preferentially producing one chirality in this process has been proposed, the
observation does not conclusively indicate an extraterrestrial origin. Subsequent experiments
have shown that prebiotic molecules are in fact present in the solar system: the STARDUST
instrument collected and returned amino acids from a comet[19], and the COSAC instru-
ment aboard PHILAE detected several when it landed on 67/P Churyumov-Gerasimenko
[20]. (Unfortunately, both the experiments undertaken to measure extraterrestrial chirality
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directly in the past few years, COSAC aboard PHILAE and MOMA aboard EXOMARS,
resulted in malfunctions that prevented the experiments from being carried through to com-
pletion.) No processes capable of inducing chirality on the surfaces of comets and asteroids
are known, though, and [21] concluded that any chiral preference must have been established
in these molecules before they reached the surface.
Indeed, recent observations now indicate that biological and prebiological molecules are
present in molecular clouds and in protostellar nebulae. In [22], the chiral molecule propylene
oxide, though smaller than an amino acid, was discovered in interstellar space. This holds
promise that organic chemistry is a ubiquitous process in the galaxy, and that chirality may
be imprinted at a very early stage in this process. No currently planned experiments are
capable of measuring the chirality of these molecules, but it should be possible in principle,
without any substantial improvement on current technology.
Several processes have been proposed that could lead to a buildup of chirality in molecular
clouds. The first is the presence of circularly polarized light, which has been observed
[23] in star forming regions. Though it has been determined that the level of polarized
radiation coming from supernova or stellar winds is incapable of inducing the observed level
of chirality, Mie scattering of unpolarized light by aligned dust grains is capable of imprinting
a preference in the molecular cloud [24]. The trouble with this scenario is that even though
each individual supernova may produce light of a definite polarization, depending on its
geometry with respect to the molecular cloud, aggregating the effect over many supernovae
would tend to wash this effect out [5].
However, there is a mechanism by which supernovae may imprint uniform chirality on
the medium: radioactive beta decays. Supernovae produce an abundance of radioactive
elements, and because of the inherent handedness of the weak force, when they decay they
emit electrons with left handed helicity (and positrons with right handed helicity)2. The
majority of the time, the energy exchanged is of the order a few electron-volts (eV), and
so will just excite a rotational state of the molecule. A small fraction of the interactions,
however, will destroy the parent molecule. The structure of the prebiotic molecule designates
a preferred helicity for the molecular electrons, which was shown in [13] to be the right sign
to explain both the predominance of L-amino acids and D-sugars.
The main drawback of this scenario is that is has been historically extremely difficult to
demonstrate that the level of asymmetry necessary is attained. This long struggle begins
with the null results of Vester and Ulbricht [4], and goes through decades of controversy and
irreproducible claims (for a brief review see [25, 7]). However, this criticism may finally be
put to rest: in a recent article [25](designated a featured article and editor’s suggestion in
Physical Review Letters), it was experimentally established that polarized electrons incident
on a gas are capable of imprinting a small degree of chirality, of the order of ∼ 3 × 10−4.
Though tiny, this is a sufficient amount to be subsequently amplified by a second stage
of chemical evolution. The molecules used were not amino acids, but this demonstration
removes the main source of doubt from this hypothesis.
The exact physical mechanism responsible for this remains open to interpretation. One
2For completeness we also mention a scenario where the accompanying neutrinos imprint chirality on the
medium, though the cross sections are orders of magnitude weaker [5].
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possibility, as advocated by [25], is that the molecule temporarily captures the incident
electron, exciting and possibly destroying the molecule. Another possibility is that the
incident particle scatters off an outer shell electron as it streams through the interstellar
medium. To leading order, this is independent of chirality of the electrons, but cross terms
depend on their relative helicities [26]. In order for this scattering to conserve angular
momentum, some must be exchanged with the parent molecule, which some fraction of the
time result in its destruction. Key to this new result is that the incident electron energies
were of order a few eV, leading to significantly enhanced cross sections for this process
to be operational. It is important to note, then, that the initially relativistic electrons
(and especially positrons) are capable of retaining their helicities as they lose energy in the
interstellar medium.
The question of which isotope(s) may have been responsible remains. Of all the candi-
dates, only aluminum-26 is produced in enough abundance, has a half-life relevant for the
timescales of the dynamics (717, 000 years), and decays through the channels necessary to
communicate the parity asymmetry of particle physics to the chemical realm. This will be
discussed further in section 3.
In [5] it was demonstrated that this process is capable of inducing a sufficient level of
chirality in the medium. For typical values of molecular cloud density, a given decay product
interacts with 105 different electrons before it becomes nonrelativistic, and for reasonable
concentrations produced by supernovae injection is much more than sufficient to polarize
the entire medium, by many orders of magnitude. Though there are several senses in which
this estimate is optimistic, more conservative values still yield well over the required values.
It is worth reiterating the main difference between the two viable interstellar mechanisms:
circularly polarized light, if the main source of chirality, will leave a random chirality in each
molecular cloud, whereas the decay of radioactive nuclei would leave the same chirality in
each cloud. Since there is no obvious obstruction to measuring the chirality of molecular
clouds even with existing technology [22, 27], we may soon be able to definitively favor which
of these scenarios is responsible.
3 The Nuclear Physics of Aluminum Decay
We now turn to the microphysical basis of the properties of aluminum-26 that make it the
ideal candidate for biomolecular chirality. The nucleus of 26Al is in a 5+ spin state. It pre-
dominantly decays through positron emission to an excited state of magnesium-26 with spin
2+[28]. Such a large exchange of angular momentum makes this a 2nd forbidden transition,
meaning that it is mediated by matrix elements corresponding to second order terms in the
expansion of the electron wave function[29]. This is partially what is responsible for the long
lifetime of this decay: typical 2nd forbidden lifetimes fall within the range 104−106 years[30].
Even for this type of transition, however, aluminum-26 has one of the longest lifetimes. The
reason for this is because the energy difference between the two states is very close to the
electron capture threshold me. Below this threshold, positron emission becomes energeti-
cally impossible, and the decay can only occur through electron capture. As it stands, this
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decay occurs through electron capture 15% of the time. If the energy difference were much
lower, electron capture would be the dominant channel, which would emit a noninteracting
neutrino and randomly polarized photon. Much higher, and the half life of the decay would
be much shorter [31], like the vast majority of β+ decays. Either of these would prevent the
generation of molecular chirality, and so would lead to a less fecund universe.
Half Life: The half-life for beta decay is [30]
t1/2 =
2pi3 ln 2 v4
m5ef(w0)
(1)
Where v is the Higgs vacuum expectation value (VEV), related to Fermi’s constant by
v2 =
√
2GF , me is the electron mass, and f(w0) is the Fermi integral. This takes into account
the specific interaction that mediates this decay, and the maximum energy the electron can
have, w0, made dimensionless by dividing by the electron mass. This interaction is found to
be induced by the Sijk matrix element of [32, 29], which involves the insertion of two position
and one spin operator. For our purposes we use the small charge limit, αZ  1. This does
not introduce significant errors [32], and it is not possible to distinguish this approximation
from the true curve by eye. The Fermi integral is then found to be
f(w0) = f0
∫ w0
1
dw
√
w2 − 1w (w0 −w)2 (−3 + 4w
2 − 2ww0 + w20)(−1 + 4w2 − 6ww0 + 3w20)
3240
(2)
The coefficient f0 is an inherent ambiguity of the formalism, representing the choice of
where in the nucleus the Coulomb potential is to be evaluated [32]. We set this parameter
f0 = 1/32.7 by enforcing the half life to correspond to the observed value when the constants
take their measured values. Then the integral can be done analytically to yield
f(w0) =
f0
4, 082, 400
[√
w20 − 1
(
8− 536w20 − 3, 417w40 − 515w60 + 50w80
)
(3)
+315w30(5 + 9w
2
0) log
(
w0 +
√
w20 − 1
)]
(4)
This has the limiting behavior
f(w0)→
{
f0
374,220
(w20 − 1)11/2 w0 → 1
f0
81,648
w90 w0 →∞
(5)
Though the observed value of w0 = 2.3 [28] is too intermediate for this function to be well
described by either of these approximations, and so the full expression is required. Notice
that the dependence on energy is so strong in either case that it reverses the half life’s de-
pendence on the electron mass: because the phase space factors strongly dictate the rate, an
increase in mass will increase the half life. This is typical for such forbidden decay channels.
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Energy: We now need to model how the energy released depends on physical parameters.
We base this calculation off the semi-empirical mass formula (SEMF), which does a fair job in
determining the binding energies of nuclei (usually around 10% accuracy) based off a simple
phenomenological prescription. This takes into account strong interactions between near-
est neighbor nuclei, a surface energy term, the Coulomb interaction among protons, Fermi
repulsion, and pair bonding. These energy contributions are given by five phenomenolog-
ical parameters that are set as a best fit for the entire range of observed nuclei. Up to
contributions that are irrelevant to beta decay, the binding energy is
Eb =
(
−.72 α
α0
Z(Z − 1)
A1/3
− 23(A− 2Z)
2
A
− 12(−1)
Z
A1/2
)
mp
mp0
MeV (6)
Note that the entire expression scales linearly with the proton mass, as it is the natural energy
scale in the problem. Binding energies in the SEMF framework do not make a distinction
between the mass of the proton and neutron, though the total mass of the nucleus accounts
for this difference.
Using this, we find that the binding energy of aluminum-26 is Eb(
26Al) = 209MeV for our
values of proton mass and fine structure constant, in good agreement with the experimental
value Eb(
26Al) = 211.9MeV. The binding energy of magnesium-26 is a bit low, Eb(
26Mg) =
212MeV, as compared with the experimental value Eb(
26Mg) = 216.7MeV. While this
agreement is as good as one can hope for with this simplistic model, the SEMF value would
not provide sufficient energy for this beta decay process to occur. Therefore, we recalibrate
the difference by subtracting a fiducial energy Eshift = 6.52(mp/mp0)MeV, in order to yield
the correct lifetime, while capturing dependences of energies on fundamental parameters as
realistically as possible. A full numerical QCD calculation would be desirable, to find the
dependence on underlying parameters more precisely, though one has never been performed
for such a heavy nucleus. Even at the quantitative level, our estimates will not be too far
from their exact values, though they will be subject to slight shifts.
We must also note that the transition is not between the ground states of these nuclei,
but between the ground state of aluminum and an excited state of magnesium, with energy
E2 = 1.8MeV. This is a rotational excited state, and as such will not depend on any
fundamental constants except the overall energy scale, which scales linearly with the nucleon
mass. As this is a rather standard decay channel for nuclei of charge 4n + 2 [33], and is
needed to sidestep the otherwise 4th forbidden transition, we do not expect this channel to
be modified upon variation of physical parameters. Therefore, our expression for the total
energy released is
Etot = −w0me = Eb
(
26Al
)− Eb (26Mg)− Eshift +mn −mp + E2 (7)
We need to relate the variables in this expression to more fundamental quantities, such
as quark masses. The primary dependence comes from the difference in the masses of the
proton and neutron. While the bulk of their rest mass is a result of the QCD froth they
are comprised of, this will contribute to the two identically, leaving the remainder to arise
from the mass difference of their constituent quarks and the electromagnetic forces between
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them. The difference is found to be [34]
mn −mp = ∆m− 1.21 α
α0
mp
mp0
MeV. (8)
Where ∆m = md −mu = 2.5MeV in our universe3. While the quark masses will influence
the total mass of the proton and neutron, this will be less than a percent level effect, and
can be ignored. When written in terms of the more fundamental parameters, this gives
w0 = 2.31
me0
me
((
−3.01 + 6.13 α
α0
)
mp
mp0
− 2.12 ∆m
∆m0
)
MeV (9)
Now that we have the expressions for the lifetime and energy of this decay, we can ask
questions about how sensitive it is to the various underlying parameters, and how this
constraint compares to the preexisting considerations found in the literature.
4 Parameter Dependence
In order to get a general idea of how sensitive the half life is to each of the parameters it
depends on, we Taylor expand around their observed values, to find
t1/2 = 717, 000yr
(
1 + 7.29
δme
me0
+ 26.03
δ∆m
∆m0
− 25.72δmp
mp0
− 75.32δα
α0
+ 4
δv
v0
)
(10)
In Fig. 1 we display how the half life varies over the full range.
From here the high sensitivity of the half life can be seen, as order one changes in all of
these constants induce many orders of magnitude difference in the decay rate. The half-life
can be seen to depend inversely on the proton mass and fine structure constant, as increasing
these will increase the binding energy. However, the coefficients in this first order expansion
are actually misleadingly small: for instance, if the proton mass is varied by 20%, the half
life changes by 2-3 orders of magnitude. The dependence on the electron mass and Higgs
VEV are somewhat degenerate for smaller than observed values, a consequence of their both
having simple power law scaling in this regime. For larger values the half-life is least sensitive
to the Higgs VEV, for exactly this reason as well.
Particle Masses: There has been much discussion on the anthropically allowed regions of
quark and electron masses [34, 36, 37, 38]. It is generally found that order one deviations
from the measured values would lead to a great variety of catastrophes that would preclude
the existence of life as we know it. This defines a catastrophic boundary [39] as the value of
those parameters beyond which these changes take place.
The most immediate condition for the values of these masses is that the hydrogen atom
must be stable to electron capture. It is one of the most well known anthropic thresholds that
3A more accurate dependence would be found from lattice results for the electromagnetic splitting as in
[35], which give d(mn −mp)/d∆m = .93± .04. This is quantitatively very close to the more intuitive value
of 1 that we use, and the choice does not affect any of our results.
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Figure 1: Half life of aluminum-26 as a function of each parameter it depends on, normalized
to their observed values.
if the neutron were just 3% heavier, the electron orbitals in hydrogen would spontaneously
collapse to form a neutron, preventing molecules such as water from existing. In terms of
quark and electron masses, this requirement is
∆m−me − 1.21 α
α0
mp
mp0
> 0 (11)
Some optimists hold out that life may still be possible in such a universe if it were made
with deuterium, provided a scenario can be envisioned where it would be produced and
distributed in abundance [40]. If one permits this caution, then this requirement can be
weakened to maintaining that some atom taken to be essential should be stable. In [34]
the blanket requirement that complex nuclei, with typical binding energies of order 8MeV,
should be stable, leading to a modification of eqn (11).
A second requirement, more interesting for our purposes, was found in [36] by demanding
the proton-proton chain to be exothermic, a requisite for stellar reactions to proceed. This
gives
∆m+me − 1.21 α
α0
mp
mp0
< 2.2
mp
mp0
MeV. (12)
It has recently been suggested [41, 42] that this nuclear threshold may be circumvented
through some other nuclear reaction that can be exothermic even if this one fails, such as
ppe → D. Though stars may shine in this parameter regime, much more work needs to
be done to determine if they are as conducive to life as they are in our universe (Do they
have convective envelopes? Will they flare often? What is their UV flux, and long term
evolution? Can photosynthesis evolve around them?). We therefore take the traditional
bound as catastrophic for our analysis.
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Now, we ask how our new requirement compares to these preexisting conditions. The
decay will not occur at all if w0 < 1, which, when written in terms of the more fundamental
parameters, gives
me + ∆m < 3.68
mp
mp0
(
1.97
α
α0
− .97
)
MeV. (13)
The α dependent quantity in parentheses is normalized to 1 for the observed value of the fine
structure constant. It turns negative for values below α = 1/278, beyond which the decay
is energetically impossible.
This limit is probably not the ultimate boundary for this mechanism- if the half life were
much shorter, this isotope would decay far sooner than would be possible to disperse in the
interstellar cloud. If it were much longer, the cloud would disperse and planetary systems
condense before it had a chance to leave its chiral imprint on the interstellar medium. These
considerations will be discussed in more detail below, but now we plot contour lines in the
me −∆m plane for several different decades of the half life, along with all the other criteria
we have discussed until now.
0.0 0.5 1.0 1.5 2.0 2.5 3.0
me
MeV
1
2
3
4
Δm
MeV
0.0 0.5 1.0 1.5 2.0 2.5 3.0
me
MeV
1
2
3
4
Δm
MeV
Figure 2: Contours of constant half life of aluminum-26 in the me − ∆m plane. The dot
represents the observed values. The orange curves below give 1/10 and 1/100 the half-life,
and the green curves above give 10 and 100 larger than the observed value. The dashed green
line is the point at which the decay becomes energetically forbidden. The shaded regions are
the two other considerations mentioned in the text. The two different plots are whether the
Higgs VEV is taken to scale linearly with the quark masses (left), or be independent (right).
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We must also specify whether a change in the quark masses is concomitant with a change
in the Higgs vacuum expectation value. The masses being a product of the Yukawa couplings
and this term mi = λiv, our choice of which should be held fixed to affect an overall change
will have different outcomes on the half life. In Fig. 2 we present results for both choices,
where the quark masses are linearly dependent on v, and where they are independent.
Finally, we comment on the allowed range of the Higgs VEV, based off this criterion.
If the particle masses are taken to scale linearly with the Higgs VEV, then in order for
the half life to be within a factor of 10 of its observed value, the range is restricted to be
within v/v0 ∈ {.93, 1.06}. Allowing for a factor of 100 gives v/v0 ∈ {.85, 1.10}. This can
be compared to the bounds found in [38] based off the existence of hydrogen and heavy
elements, where v/v0 ∈ {.39, 1.64} was found. If the Yukawa couplings are allowed to
compensate in order to hold the quark and lepton masses fixed, however, then the bounds
become v/v0 ∈ {.56, 1.78} for a factor of 10 and v/v0 ∈ {.32, 3.16} for a factor of 100.
The crucial point here is that this mechanism lifts the previous degeneracies of these other
bounds, which depend only on particle masses.
This sheds light on the idea of a weakless universe [43], which raises the question of
whether the weak force is somehow necessary for life in our universe, given that its obvious
effects are somewhat minimal. There, the claim was that it is indeed possible to imagine a
universe capable of producing life, even in its complete absence. Criticism of this scenario
already appeared in [44], where it was pointed out that its lack of type II supernovae would
prevent the creation of sufficient levels of oxygen, and even speculated that some connection
to homochirality may be responsible as well. Our analysis places this on a firm footing by
linking the two by a concrete mechanism, which was recently bolstered by experiment.
The Principle of Noncoincident Peril: One important feature to notice is that our
new criterion is parallel to, and almost exactly coincident with, the requirement for stars.
This is difficult to interpret in the restricted terms of varying quark and electron mass. We
expect qualitative changes to the universe as we move about parameter space, but we do not
expect multiple changes to occur at nearly the same transition. We term this expectation
the principle of noncoincident peril. This states that catastrophic boundaries in parameter
space should not lead to simultaneous unrelated large changes in the world. Furthermore, we
take an observation of a violation of this principle as an indication that there must be some
other parameter that we can also vary, that is able to shift at least one of these boundaries.
When viewed in this enlarged parameter space, the original coincidence is seen to be simply
a corner in the allowed region that we happen to be situated close to, as illustrated in Fig.
3. Note that in a multiverse context we expect to be situated close to the edges of the
anthropically allowed region, if there is a preference for values that lie outside. This has
been dubbed the principle of living dangerously [45], and holds true for many fundamental
constants [46].
As a simple example illustrating this, consider the point in Fig. 2 where the two grey
regions intersect, corresponding to me = 1.1MeV and ∆m = 2.3MeV. If we were to think
that the quark mass difference were held fixed, we would be puzzled by the fact that in-
creasing the electron mass to .9MeV would first render stars unstable, then shortly after, at
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Figure 3: Various thresholds in the me − α − ∆m parameter space. The yellow plane
corresponds to the threshold for stellar fusion, the blue hydrogen stability, and the orange
aluminum stability. The dot is situated at the observed values of these parameters, and the
allowed region is the one bounded by the three planes enveloping the dot. The coincidence
of the two thresholds is only a feature of the reduced me −∆m plane because the observed
value is close to a corner in the allowed space.
1.3MeV, complex nuclei are unstable. More puzzling still would be a hypothetical scenario
where the observed difference between quark masses were ∆m = 2.3MeV, which would make
these two transitions exactly coincident. In the extended parameter space where ∆m is also
allowed to vary, however, it is clear that there is only a special value for which these two
conditions coincide. An underlying preference for large electron mass would naturally push
the observed value to be close to this corner [37].
The principle of noncoincident peril is a useful tool in the study of the multiverse, be-
cause rarely does a crucial physical process depend on only one parameter. This complication
usually introduces considerable uncertainties into attempts at inferring the existence of pa-
rameter tunings, subjecting them to provisos about the assumptions one makes about which
parameters are variable. A strong indication that a parameter must be taken as variable,
then, is highly desired in order to remove these ambiguities. Aside from assisting in these
technical points, it also helps to answer an interesting question in itself: how many of the
current fundamental constants are environmentally selected, and how many are set by the
underlying theory of nature? The principle of noncoincident peril provides a clue as to when
a particular constant is necessarily variable.
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Let us apply our principle in the current setting. Here, because the overlap of the
aluminum and pp fusion boundaries violates this principle, we can conclude that at least
one of the other parameters in the expression for the half life, either mp, α, or v, must also
be variable. Notice that the dashed line t1/2 = ∞ corresponds to an ‘accumulation line’
representing the asymptotic limit of the family of curves of constant half-life. We take this
line to be the actual threshold with which to compare to the stellar threshold. This line
corresponds to the condition w0 = 1, which itself is a function of only me, mp, ∆m, and α,
i.e. it does not depend on the Higgs VEV. Therefore, there are two additional parameters,
the proton mass and the fine structure constant, that may be varied to change its ∆m
intercept. Additionally, the right hand side of (12), set by the deuteron binding energy,
depends on both the mass of the proton and the strength of the strong force, αs. In general,
variations of these two parameters will in fact be correlated. But, if we take mp to vary while
αs is held fixed (which can be achieved by varying the strange quark mass, for example), the
effects of rescaling the relevant dimensionful quantity can be isolated from the other effect
of varying the strength of the force. Note that the dependence of both of these thresholds
scale linearly with the proton mass. Therefore, varying one would cause the other to vary
proportionately, and including this parameter does not address the coincidence. The only
other choices, therefore, are the fine structure constants, α and αs. For the remainder of
this paper, we focus on the electromagnetic fine structure constant only, though we can only
conclude that at least one of these must be variable. But, if one is, it is quite plausible that
the other is as well, so that our conclusion is that the fine structure constant(s) can vary in
the multiverse.
In Fig. 3 we show this enlarged parameter space. From here it becomes apparent that
the coincidence of these two thresholds is not a generic feature in this full space, but rather
only an apparent feature of the location of the observed values, which are situated in a corner
of the allowed region.
First, we remark that there is no hidden correlation between these two thresholds. This
can be readily seen in the figure, since there are other values of the parameters for which the
thresholds do not coincide. This is in contrast to, for instance, the other threshold, that of
the stability of complex elements. In representing this plane we made a particular choice of
the hydrogen stability threshold, but we could equally well have used another element, say
carbon, oxygen, or nitrogen, to fit this demand. All of these separate criteria fall on parallel
planes that differ only by their overall height, which is set by the differences in binding
energies between the appropriate neighboring isotopes, and are all of similar magnitude.
Therefore, even though all these separate conditions occur in neatly arranged succession,
there is nothing suspicious about this fact, as they all represent slight variations on the
same basic requirement. In contrast, the enlarged parameter space demonstrates that there
is no similar degeneracy between the requirement for stellar fusion to be operable and for
aluminum-26 to have such a long half-life.
Secondly, we may ask whether such a change in the fine structure constant is tolerable
anthropically. For this, we display several subplanes involving the fine structure constant,
including other known boundaries, in Fig. 4.
In addition to the boundaries already discussed, a few others from the literature are
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Figure 4: Allowed regions in the α−me and α−∆m planes, incorporating a variety of effects
described in the text.
shown. The requirement α12m4e ∼ m6p/M2Planck, necessary for either the spectral temperature
of our sun to be suitable for photosynthesis [47], or the existence of both convective and
radiative stars [48], is shown, labeled ‘Stars’ (bands corresponding to equivalence within
one order of magnitude). Additionally, bounds found in [49, 50] for the Hoyle resonance
condition necessary for the production of carbon are shown, labeled ‘Carbon’. Neither of
these properties depend on the difference of quark masses, which is why they are vertical in
the right plot. Also included are the bounds for radioactive decay to be suitable for driving
plate tectonics on terrestrial planets, found in [51].
One feature of these diagrams that is particularly noteworthy is the gross violation of
the principle of noncoincident peril that seems to occur. Increasing me at constant α first
encounters the fusion threshold, followed quickly by the aluminum threshold, and then the
stellar condition. This pile of coincidences is alleviated by recognizing that there is an addi-
tional dimensionless parameter on which the latter depends, namely the ratio of the proton
mass to the Planck mass, which is capable of scaling the stellar curves up or down. There is
another coincidence between the narrow band needed for the Hoyle resonance and plate tec-
tonics in the right plot, which may be taken to indicate that there are additional parameters
which need to be variable. From the work done in [49, 50], the Hoyle resonance is seen to
depend also on a composite parameter representing the strength of the strong force, which is
the ratio of the sum of the light quark masses to the scale of QCD breaking. The efficacy of
plate tectonics, which ultimately depends on the alpha decays of radioactive elements within
the Earth, depends on the nuclear properties of alpha decay, as well as the habitable radius
of terrestrial planets, as detailed in [51].
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Setting: What is the range of half-lives for which the radioactive decay of aluminum is
capable of imprinting chirality on the interstellar medium? These unstable isotopes are
created in short-lived massive stars, and then subsequently redistributed throughout the
galactic environment by type II supernovae and Wolf-Rayet winds[52]. In this process, a
shock wave of the highest energy ejecta expands outward, with a relatively cooler interior of
less energetic particles. Even this interior region will be ionized, and would not be capable
of carrying a chiral imprint. After about 104 years, the interior becomes cool enough for
molecules to form[53]. Taking the minimum requirement that the isotope be long lived
enough to decay in a molecular environment, translates into the requirement that the half
life must be t1/2 > 10
4 yr, a factor of 70 lower than the observed value.
The evolution of molecular clouds also provides an upper limit on the half life of the
radioisotope: because erosive processes cause molecular clouds to continuously dissipate and
reform on the timescale of 20 Myr [54], any isotope that lived significantly longer than this
would be unable to decay in time to leave a chiral imprint. This is a factor of 28 times
larger than the observed half life. These exact numbers are not meant to represent absolute
bounds, but are rather supposed to be indicative of the plausibly allowed variation. A more
detailed account of the galactic evolution would be necessary to understand the full extent
to which the half life can be varied, which is beyond the scope of this analysis.
Alternate Decays: Finally, if the parameters were to be varied sufficiently so that the
decay of aluminum-26 does not suffice, might some other beta decay do just as well? To
address this, we present Table 1 of all elements that undergo beta decay with half lives
greater than a year and less than a billion, compiled from [55]. Though there are fourteen
elements on the list, all of them are less suitable for imprinting a chiral signature in the
interstellar medium. Nearly half of them are not produced in the same abundance by type
II supernovae, making their imprints orders of magnitude weaker. Over half of them have
half lives that are more than three orders of magnitude away from the observed half-life of
aluminum. This is a less strict criterion, as it is possible to affect a change of this magnitude
by relatively mild variations of the fundamental parameters.
However, the type of decay is the most serious discriminator for an isotope’s relevance. As
mentioned before, if the dominant channel is electron capture, then a nonchiral photon will
be produced, and the mechanism is completely absent. It is worth noting that, depending on
the case, the branching ratio between positron emission and electron capture may increase
appreciably if the energy increases (concomitantly decreasing the half-life), making 40K in
particular a candidate that is not ruled out by this criterion.
Perhaps more surprising is the observation that electron decays are less suitable than
positrons. Though both decays imprint the same sign of chirality, the kinematics of how the
two interact with interstellar molecules is very different. This is due to the fact that while
positrons scatter off electrons by exchange glancing blows and continue on relatively unim-
peded paths, electrons can also backscatter, where they reverse direction almost completely
(in the center of mass frame- in the rest frame, this corresponds to a 90◦ split). While any
scattering angle will preserve helicity at high energies, the crucial point is that the results of
[25] show a peak asymmetry below 10 eV. In this nonrelativistic regime, the corruption of
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Isotope t1/2(years) decay produced (M)
3H 12 β− 2.8× 10−19
10Be 1.5× 106 β− 3.8× 10−24
14C 5700 β− 6.7× 10−9
22Na 2.6 β+ 9.8× 10−8
26Al 717, 000 β+/ec 1.8× 10−6
32Si 153 β− 1.3× 10−8
36Cl 3.0× 105 β− 5.0× 10−7
39Ar 269 β− 3.5× 10−9
40K 1.2× 109 β−/β+/ec 1.0× 10−8
42Ar 32.9 β− 3.1× 10−13
59Ni 7.6× 104 ec 1.8× 10−6
60Co 5.3 β− 6.3× 10−14
60Fe 2.6× 106 β− 1.8× 10−17
63Ni 101 β− 5.5× 10−16
Table 1: Complete list of candidate isotopes potentially capable of imprinting chirality on
a molecular cloud. Entries in red do not meet the criteria necessary to operate. Those in
yellow are inoperational in our universe, but may potentially be suitable with a large enough
change in the physical constants. Numbers in the last column are taken from [56] for a 13
solar mass supernova.
initial helicity is common for wide scattering angles, and so electrons lose their initial chi-
rality much faster than positrons. We find that the closest possible alternative isotopes, 40K
and 22Na, are 3 and 5 orders of magnitude away from fulfilling our requirement, respectively.
5 Discussion
Though the origin of biomolecular homochirality, an aspect of chemistry thought to be
crucial for life, remains unknown, the radioactive decay of aluminum-26 in the interstellar
medium is a leading candidate for explanation. If true, this is reliant on a seemingly fine-
tuned binding energy, that makes this decay unusually long lived. Moderate variations
of various physical parameters can drastically change this, rendering the entire mechanism
inoperational. Additionally, for the threshold of this occurrence to not inadvertently coincide
with the stability of deuterium, in contradiction with the principle of noncoincident peril,
the fine structure constant must be taken to be variable.
Asking anthropic questions at this level of detail will become more and more feasible
as we learn more about life, its origins, and its possible environments. It has the potential
for clarifying the border between which aspects of the observed laws of physics are set
by a selection effect predicated on the existence of observers, and which can have a more
fundamental explanation. Mapping the dependence of the requirements for complex life is
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a promising avenue for differentiating between the two. As it stands now, there are several
dozen low energy parameters that have yet to be explained by a more fundamental theory,
and considerably less constraints coming from anthropic considerations. It is only through
efforts to uncover as many fine tunings as possible that we will be able to find out how the
number of constraints compares to the number of fundamental constants. If, after exhaustive
search, we find less constraints than parameters, the universe will be known to be rather
flexible in its properties. If exactly equal, we can infer that the parameters are rigidly set.
Uncovering a greater number of requirements than tunable parameters will yield a scenario
that would be very challenging to interpret.
One encouraging aspect of this particular investigation is that while it is speculative,
it will be testable in the coming decades. Future observations of the presence of chirality
in interstellar clouds, other locales within our solar system, or remote sensing of other star
systems will be able to support or rule out this hypothesis completely. This demonstrates
that further information regarding the multiverse can be gleaned from future experiments
in astronomy, planetary science, and origin of life research.
So did the universe take such care to fiddle with its parameters at such a level as to
help our particular biochemistry get started? Why not? After all, if the main success of
anthropic reasoning is that the universe tunes the cosmological constant by 120 orders of
magnitude away from its natural value, surely the possibility that it tune by another order
of magnitude or so to provide a more fecund chemistry is not so outlandish.
The Vester-Ulbricht hypothesis, while still unproven, has been used here to illustrate
a general programme: one that draws upon cutting-edge developments in the science of
habitability across a broad range of disciplines, in order to continually refine our notions
of the multiverse hypothesis. The issue of possible alternative universes should rightfully
be regarded as one of the most challenging scientific questions of our age, if not ever, and
to have a hope of shedding light on this elusive question, we must be willing to harness
knowledge from essentially all branches of science. We continue to learn much about life,
its requirements to survive and thrive, and there is every indication that we will continue to
learn even more in the coming decades. It would be imprudent to not ask what implications
our newfound knowledge has for our place in the universe, and potentially beyond.
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